ABSTRACT We need a coordinated control method to continuously track a moving target using a group of UAVs. In this paper, we study the predicted reference point guidance method, where the target is considered to move with a constant velocity in a very short time window and the trajectories of the UAVs are designed as several tiny arcs around the target. The control law of the UAV is divided into roll angle control and velocity control. Simulations are used to verify that the proposed control laws have smaller standoff distances and phase angle control errors than the Lyapunov vector field guidance and model-based predictive control, and the wind is considered in the simulation, too. Therefore, we show that our proposed method has higher steady state accuracy among existing techniques.
I. INTRODUCTION
It is extremely challenging to continuously track moving enemy targets. It is often best to use multiple unmanned aerial vehicles (UAVs) to perform such tracking during military missions. During coordinated standoff target tracking, there is a need to maintain optimum sensor coverage and to reduce localization error and exposure to the target [1] . For this, multiple UAVs should be distributed around a target at a prescribed standoff distance and inter-vehicle separate phase angle [1] - [4] . Therefore, coordinated standoff tracking must address two types of basic control problems: a) the distance between UAVs and the target and b) the angle between UAVs [5] , [6] . For multi UAVs tracking a moving target, the angle keeping between UAVs is highly significant due to the precision of tracking and the safety of UAVs.
Lawrence et al. [7] proposed the LVFG(Lyapunov Vector Field Guidance) technique to calculate the lateral command of a UAV used for standoff distance control. Frew [8] further improved the LVFG technique by compensating for the error in the standoff distance by assuming that the target moves at a constant velocity. LVFG guidance method is widely used due to its ease of implementation and strict provability of stability [9] . However, -it has slow response speed in standoff distance control and poor accuracy during phase angle control [10] , [11] . The MPC(Model-based Predictive Control) framework for cooperative standoff target tracking is developed [12] , [13] , however, running the MPC framework requires heavy computational loads [14] , making it difficult to be implemented in embedded systems.
The RPG(Reference Point Guidance) technique was developed and analyzed in [15] and [16] as a nonlinear path following guidance law for UAVs. In RPG, only one parameter needs to be designed, and hence it provides fast responses and easy online implementation. Since tracking a stationary target, requires a UAV to fly along a circular path, the RPG is an efficient solution for this problem. However, while tracking a moving target, the standoff circle is not fixed; therefore RPG cannot be applied in such cases.
In other papers, Park proposed a guidance law for tracking a target using relative side-bearing angle [17] and based on this paper, Park developed this method for tracking a moving object and the wind effect was considered in [18] . In [19] , a guidance law against a moving target is proposed by using differential geometry and the proposed guidance law showed a good tracking performance having the advantage of easy stability analysis. Kim developed a nonlinear MPC algorithm for coordinated standoff tracking by two UAVs [12] .
In our previous work [1] , the modified reference point guidance method where the target is tracked by a UAV is proposed, and the asymptotic stability of the method is proved. However, tracking a moving target is a different process due to the nondeterminacy of the target, which requires more UAVs tracking one target to increase the tracking veracity. On this base, the phase angle control between multi-UAVs is needed, and therefore a novel method for multi UAVs tracking a moving target using a modified guidance method will be studied in this paper.
The remainder of this paper is organized as follows. Section II defines the control principle and the framework of the coordinated standoff target tracking. In section III we describe the standoff distance control method (Predicted RPG). In Section IV we evaluate the feasibility and benefits of the proposed algorithm through numerical simulations. Conclusions and future works are provided in Section V.
II. FRAMEWORK OF THE PREDICTED REFERENCE POINT GUIDANCE
While tracking a moving target, due to the unpredictability of the target's movement, it becomes difficult to predict the flight path of the UAV. Therefore, traditional path tracking guidance methods cannot be applied in such cases. However, if the tracking guidance system is designed using a rolling process, where the process is divided into several small time windows, and only the current relationship between the UAV and the target is considered during each time window, the tracking process can be simplified and made more efficient. To this effect, the kinematic relationship between the target and the UAV is introduced as shown in Fig.1 . Here, the target is considered to move with a constant velocity in a time window k and the trajectories of the two UAVs are represented by the two tiny arcs, s 1 and s 2 , around the target. We aim to realize the standoff tracking by controlling the path radius r d with the target at the center and the phase angle θ 1,2 between two UAVs. The distance control between the UAVs and the target is carried out by controlling the value of φ c to realize r i → r d , where the velocity and direction of the UAVs must be adjusted to complete the control of r. In Fig.2 , V c is given by the phase angle guidance control module to realize θ i,i+1 = θ i+1 − θ i → θ d , which is used to alter the velocity vector of the UAV. This is done to alter the turning angle speed, necessary to control the observation distance between the UAVs. For each time window, based on the position and the velocity of the tracked target, each UAV must figure out the tracking guidance law and realize the target tracking through the attitude and the guidance loops. Fig.3 shows the tracking principle of the UAVs.
III. UAV COOPERATIVE TRACKING GUIDANCE LAW BASED ON PREDICTED REFERENCE POINT
In Fig.4 , we demonstrate how a target is tracked using two UAVs in a given time window. The goal of each UAV is to fly around the target with a radius of r d . Two circles of radius L are drawn with each UAV at the center. Therefore, for each UAV, we obtain two intersection points with the tracking circle. The anterior point is named P, and is called the predicted reference point.
In Fig.5 , the positions of the UAV and the target are marked as (x, y) and (x t , y t ) respectively; the velocity of the moving target is T ; the velocity of the UAV is V ; the expected standoff tracking distance between each UAV and the target is r d and 59854 VOLUME 6, 2018 the phase angle between the UAVs is θ d . From the figure, we can see that the distance between the UAV and the target is r, the angle between the ground speed of the UAV and the geographic north is ψ, the angle between the related velocity of the UAV and the geographic north is ψ r , the angle between V r and AP is η. All the angles are measured in a positive clockwise direction.
After determining P as the reference point, we must determine the guidance law to fly the UAV along the arc AP. First of all, if the UAV flies along the circle O, it is easy to obtain the angular rate based on the kinematic principles:
where R is the radius of the arc AP given by:
Therefore the angular rate of observation is given by:
where the value ofψ r is controlled by the roll angle. Then it is necessary to deduce the guidance law of the roll angle. From figure 5 we can calculate this using the formulae:
where T is the scalar of the vector T. The target is considered to be moving in a straight line with a constant speed of T = C. Since we consider only a tiny time window, C is a constant vector. Taking the derivative of the (4), we obtain:
whereψ is the angular rate of UAV in the inertial frame andV is the velocity variation rate of the UAV. With the simplified kinematics model of the UAV, the value ofV can be approximated to:V
where V c is the velocity command of the UAV, and a V is a positive proportional gain, for our vehicle and autopilot, a V ≈ 0.3. Using (3) and (5) we can obtain the value:
The roll angle of the UAV can be obtained from an aircraft's coordinate turn rule, which gives:
Where g is acceleration due to gravity. V c is of constant value when there is only one UAV tracking the target. Therefore, the latter part of the formula in (8) is equal to zero. However, when there are more than one UAVs tracking a target, every UAV should have the velocity control law executing for each time window in order to guarantee the phase angle.
According to the geometrical relationship between V c and V r , we can calculate the velocity command for each UAV:
The relative velocity between the UAVs and the target can be derived in order to maintain the phase angle:
Where V 0 = 27m/s is the cruise velocity of our UAV and K v is the positive proportionality coefficient.
We can derive the control law of a UAV by substituting (10) into (9), which satisfies the observational distance of r d and the observational phase angle of θ 1,2 .
According to the analysis above, the flow of the Predicted RPG standoff target tracking guidance method is as follows:
Step 1: Determining the time window according to the period of guidance for UAV;
Step 2: In each time window, calculating the reference point and relative parameters;
Step 3: Calculating the value of roll angle command and velocity command based on the geometrical relationship;
Step 4: Execution of the guidance command;
Step 5: Skip to Step2 and repeat this rolling process.
IV. SIMULATION EXPERIMENTS AND ANALYSIS
The proposed method (Predicted RPG), is compared with the LVFG in [11] and MPC in [12] methods. All experiments are VOLUME 6, 2018 performed using the MATLAB_R2012a environment. The UAV is described using (11) in [4] .
The parameters of the UAV are the same as [1] in Table 1 . The length of the receding horizon for the MPC is 4, and the weighting factors for the standoff distance error and phase angle error are 2×10 −5 and 5×10 −6 respectively. These settings of MPC are maintained the same as in [11] .
In our experiments, we use a simulated scenario where two UAVs cooperatively track a target. The ranges of the commands are such that:
• . The period of guidance loop for the experimental UAV is 1s, and L is set to 120m.
In order to show the effect of the method proposed, the performances of three different guidance methods are compared in terms of their errors and ITAE(Integrated Time Absolute Error) in standoff distance and phase angle control. The value of the ITAE is calculated by
Where e(τ ) is the control error at time τ , and includes the standoff distance control error, and the phase angle 
A. TRACKING A MOVING TARGET
Assume that the speed of the target is T = 8m/s, and the initial heading angle is 70 deg. The absolute trajectories of the UAV and the target are shown in Fig. 6(a) , and the relative trajectory of the UAV with respect to the target is shown in Fig. 6(b) . RPG represents the Predicted RPG method. Fig. 7 demonstrates the curves for the control errors of the standoff distance and the phase angle separation, and their corresponding ITAE of the errors while tracking a moving target.
From Fig. 7 , we can see that, while tracking a target moving in the constant velocity, the Predicted RPG has nearly the same response speed as the MPC. However, the Predicted RPG demonstrates a better state accuracy. The LVFG method is still the slowest method of all. Another drawback of LVFG is that and since the desired standoff distance is varied to control the phase angle separation, the errors in the standoff distance control and phase angle control for the LVFG are the largest among all methods. For phase angle control, our newly proposed method has the best accuracy and response speed. The commands for two UAVs tracking a target are shown in Fig. 8 . From Fig. 8 , we can see that the roll angle command and the velocity command are appropriate for the autopilot to track them.
B. TRACKING A S-SHAPE MANEUVERING TARGET
Assume that the speed of the target is T = 8m/s; the initial heading angle is 70 deg; and the value ofψ t = 3 × sin(0.06t). Then, as shown in figure Fig. 9 , the target will move with an S-shaped trajectory. Fig. 10 shows the simulation results for the standoff distance and the phase angle separation, and their corresponding ITAE of errors, while tracking and maneuvering a target with S-shaped trajectory.
From Fig. 10 , we can see that, for standoff distance control, the Predicted RPG can cancel the side effect generated by the target's maneuver, to obtain the best steady state accuracy among the mentioned techniques. The LVFG technique is still the slowest one, and the errors in the standoff distance control and phase angle control are larger than those of the Predicted RPG. In order to show the effect of the wind to this guidance method, the corresponding simulation is carried out. Assume that the speed of the wind is 10m/s and the initial heading angle of the wind is 60 deg. The speed of the target is T = 8m/s, and the initial heading angle of the target is 70 deg. The absolute trajectories of the UAV is shown in Fig. 11 , and the relative trajectory of UAV is shown in Fig. 12 , and the tracking error of the tracking distance is shown in Fig. 13 .
From Fig. 11 to Fig. 13 , we can see that, the tracking guidance method proposed has small tracking error of the tracking distance with wind. The maximal tracking error without wind is 5.314m and the minimal tracking error without wind is −8.843m. The maximal tracking error with wind is 7.558m and the minimal tracking error with wind is -8.859m, which satisfy the tracking precision.
V. CONCLUSION
In this paper we propose the Predicted PRG guidance law for two UAVs coordinated standoff target tracking. The Predicted RPG can balance the requirements of the response speed and the steady state accuracy, better than LVFG and MPC. For phase angle control, the oscillation amplitudes of the Predicted RPG and MPC are smaller than LVFG. However, both Predicted RPG and LVFG have better real-time performance than MPC. Moreover, the Predicted RPG is also useful in collision avoidance for UAVs, which will be studied in other papers. 
